I. INTRODUCTION
HE use of fiber optic technology in the design of high-strength cables for commercial and military applications has prospered in recent years. In the commercial sector, the development of armored fiber optic cables for oil well exploration has received strong emphasis. Examples 'of military systems that benefit from the use of fiber optic tow cables are arrays and buoys towed from marine craft, sensors and sensor arrays towed by aircraft in air or water, and tethered instrumented balloons and kites. In most cases the principal benefit from using the optical fiber is the ability to transfer signals at a rate that is many tens of times greater than that possible with electrical transmission lines when constrained by practical limits of size and weight. Distance-bandwidth products of several hundred MHz-km are easily obtained with multimode fibers, and GHz-km performance is offered by single mode fibers. Weight reduction is an important adjunct associated with the use of fiber optic transmission lines in airborne cables that are strengthened by lightweight materials such as Kevlar, S-Glass (glass fiber and epoxy matrix), and graphite. When it is necessary to pack multiple transmission lines in close proximity within the core of a single cable, crosstalk between lines, which can be a serious problem for long electrical cables, is negligible 'with optical fiber lines. In addition, electrical ground-loops, which result from inadvertent and unavoidable multiple grounding points with electrical cables in a seawater (conducting) medium, are eliminated by means of the isolation provided by the optical link.
Systems of specific interest to the author require the use of at least five power conductors, multiple optical fibers, a cable diameter no larger than 1.3 cm, and a breaking strength near 89 kN. Three different designs of armored fiber optic tow cables have been constructed and tested for potential use with this system. Because of the large and often nonuniform compressional forces that exist in the umbilical core of a working cable, it is difficult to achieve small excess optical cabling loss when optical fibers are included in the structure. Fiber bedding techniques that are used routinely for telecommunication cables placed in ducts, strung between poles, or placed on the ocean floor cannot always be employed in tow cables, usually because of space limitations, and are not always effective when they can be used. For example, loose-tube jacketing that is an extremely effective stress-isolation mechanism for staticload applications is generally avoided in dynamic-load situations 'where snap loading can cause dangerous differential longitudinal movement between the fiber and loose tube. For all stressful applications using optical fibers, appropriate fiber-bedding techniques, host-element selection, and surface preparation are necessary to avoid excess optical loss from the well-known microbending effect [l] , [2] . Methods that are appropriate for one application are not always transferable to other situations.
Although there have been numerous constructions of armored fiber optic cables for military and oil-logging applications, most of the information gained in these endeavors is contained in internal memorandum reports with limited distribution. However, Wilkins [3] and Kojima et al. [4] have published some general design guidelines. Important guidelines include the following. 1) The fiber should be proof-tested over its entire length to a strain of at least twice the expected cable strain before it is assembled into the cable structure [5] .
2) The fiber buffer jackets must be free of external bumps, internal voids, and foreign material 
pm-graded index fibers. 4) Longitudinal compression of
The author is with the Naval Research Laboratory, Washlngton, DC radius of curvature should be larger than 5 cm'for 50,425 U.S. Government work not protected by U.S. copyright the fiber must be avoided because it usually results in fiber buckling and severe microbending. 5) An elastomeric void filler should be used between the fiber and host elements to distribute core pressure uniformly around the fiber. 6) Great care must be exercised in the placement of other cable elements next to the fiber-host-element surfaces must be free of roughness and discrete pressure points on the fibers must be avoided. In addition, D. B. Keck [(Corning Glass Works), unpublished communication] has determined that the relative magnitude of distributed microbending loss attributable to cabling with multimode fibers is approximately proportional to (numerical aperture)-6 (core diameter)4, and (cladding diameter)-5. Therefore, for a given' fiber-bedding condition, lower excess cabling loss will result with the choice of a fiber with small core diameter, large cladding diameter, and large numerical aperture (NA).
The three cable designs that are discussed in this paper represent three different approaches to applying the design . guidelines within the constraints of 1.3 cm overall diameter, approximately 89 kN breaking strength, good flexural characteristics, and at least five conductors and fibers. The cables discussed in this paper represent the third evolution of a series of three manufacturing developments that started in 1977. The first cable was delivered in 1978 and exhibited optical loss near 24 dB/km. Manufacturing was completed on the second cable development in mid-1981. Optical attenuation was relatively low at 5.5-6.5 dB/km, but imperfect manufacturing techniques resulted in a badly distorted cable core (in the form of multiple Z-kinks which are unintended localized reversals in the helical lay of the conductors and fibers) that rendered the cable useless for further testing. The third development effort consisted of four different core designs and manufacturing was completed in October of 1983. Two of these cables were manufactured successfully and test results are favorable. One of the designs was again ruined by 2-kinking; consequently, we will devote some discussion to the cause of this problem. The remaining design was also plagued by manufacturing difficulties that are identified later in the, paper and are believed to be correctable by design and material changes.
During this long period of development, close liaison has been maintained with other relevant fiber optic cable developments under Navy programs such as FOSS, MINOS, and ARIADNE. Active involvement with the FOSS cable development involved overseeing and reporting various aspects of core assembly and armoring.
The disposition of this paper is not theoretical nor mathematical. Rather, the perspective is slanted toward the practical problem of successfully applying heuristic and known theoretical principles. There is typically an abyss standing between the idealized design and what can be produced practically from the assembly line. Most specialapplication fiber optic cables are manufactured initially as one. of a kind. That is to say, many assembly procedures are different from those with which the specialist is routinely familiar, and frequently the equipment available at a single facility is inadequate to complete all phases of assembly, thereby necessitating a multicorporate venture. Difficulties with. this approach occur frequently because the specialists who fabricate the subassembly for the first vendor have inadequate knowledge about the deleterious effect that seemingly small variations from the design plan in the completed subunit will have on the next vendor's assembly process. Examples of things which have caused trouble are failure to achieve the specific diameter and tolerance on the extruded jacket about which the armor is to be served, failure to obtain the exact dimensions and tolerances (surface smoothness) on the constituent elements (such as conductors and fibers), and failure to properly eliminate anticipated sources of voids and prevent unanticipated sources (such as outgassing in extrusion processes) which contribute to excessive core compressibility.
We cite the following example of destruction of an electrooptical armored cable during the armoring process because of a deviation from the design plan at a previous stage of assembly. The basic structure of the core was formed by a helical serving of six polypropylene-insulated conductors -around a similar central axial conductor. To accommodate the effectively larger cross-sectional area of the peripheral conductors when placed at a nonzero lay angle, the diameter of the central-conductor jacket must be appropriately larger than that of the peripheral conductor; otherwise, overcrowding occurs. For reasons unknown, although convenience is suspected, the cable core was assembled with identically-sized peripheral and central conductors. The finished core, complete with interstitial void filling and clear polyethylene jacket, appeared to be a well-formed product. The uniformity of the helical conductor assembly was easy to observe because of the transparency of the polyethylene jacket and individual color coding of the conductor jackets. However, simple mathematical calculation warns that. there is greater than 100 percent coverage for the peripheral conductors.
In any good cable design, the core must be subjected to a small degree of radial compression by the armor to lock the core to the armor (eliminate differential lorigtudinal movements). The core diameter compression for the example sited was 3 percent. The response of the core to armor compression can be in several forms. Ideally, the core assembly will remain unchanged except that the jacket will deform by plastic flow to partially or completely fill the underside interstices between armor wires. Additionally, the plastic jackets around the peripheral conductors may deform to permit a slight radial compression.
For the case at hand, a third reaction occured that resulted in 2-kinking of the core which appears as quasiperiodic reversals in the direction of the helical assembly. Because of the overcrowding described previously, a loose fit existed between the central and peripheral conductors. In reaction to core compression, the peripheral assembly moved radially inward until close juxtaposition prevented further movement. This response proceeds by forcing an elongation of the lay length of the peripheral assembly which. in turn induces longitudinal compression on the conductors. Finally, the conductors form Z-kinks to relieve the longitudinal compression.
Although the presence of incompressible void-filling material in the structure might be expected to resist radial compression of the core assembly, several factors reduce its effectiveness in this respect. First, it is nearly impossible to achieve 100 percent filling of 'all structural voids. Invariably, air inclusions are trapped at boundhers formed by tape wrappings and extruded over-jackets. Second, the heat of the extruder causes outgassing of some void-filling materials. Third, almost all void fillers, as a consequence of their desired elastomeric property, will deform or flow slightly in the presence of a pressure gradient. Significant longitudinal pressure differentials exist in the armoring process in the vicinity of the first assembly closing die.
Another factor believed to be responsible for the Z-kinking of the cable manufactured in 1981 was the failure to use a back-turner to eliminate the build up of torque on the core assembly being introduced to the armoring machine.
(A backturner i s a cable-reel holding device that permits rotation of the reel along the payout axis in order to neutralize any twisting action on the cable that occurs as a consequence of actions applied downline-in our case, armoring.) Because of additional constraints imposed upon the design of cables, resulting from the properties of optical fibers, fiber optic cable cores' may be less tolerant to torsion accumulation associated with this phase of armoring. If torsion occurs, and it results in unwinding of helical assemblies, Z-kinking may occur' because of the associated longitudinal compression as explained previously. To the disadvantage of the exacting task of fiber optic cable construction, many armoring companies have discontinued the use of back-turners because conventional cables can usually be manufactured successfully without them. For large-volume productions, there is a strong motivation for the manufacturer to make labor intensive adjustments in the initial setup of the armoring and preforming devices in order to minimize product loss from effects such as 'mentioned above. For small experimental productions there is less motivation and, perhaps more significant, there is usually an insufficient amount of material procured for the job to achieve 'the same degree of opti&ation of assembly line procedures,' especially armoring and extrusion.
Returning to the consideration of multicorporate ventures, there is usually a strong desire among the organizations involved to interact cooperatively and positively. However, this spirit is shrouded by overriding concerns of general competition, confidentiality in processes and facilities, pride, lack of communications, and absence of accountability. Possibly the worst result of this situation is that there is no individual that oversees the manufacturing process from beginning to end. Consequently, the potential for error and misunderstahding is high. Assembly line technicians rarely see the original cable specifications. Instead, they work from instruction lists passed down and amended by several layers of management. Fortunately, 11. CABLE DESIGNS .AND P E R F O~U N C E All optical fibers, with the exception of one that will be identified later, were manufactured using the special R&D facilities. of ITT, Electro-Optical Products Division, Roanoke, VA. All fibers were proof tested at 2 percent strain over their entire length. The surface smoothness of the plastic buffer jackets was checked by perpendicularlyoriented laser scanners and by a simple,' but very sensitive, finger sliding detection process. All surface bumps that could be sensed with the fingers were removed before the fibers were used in a cable assembly. General characteristics of the fibers used in all cable designs are given in Table  I . We have restricted our consideration of optical properties to the 800 nm wavelength range because, for the cable lengths of interest (less than 1 km), there is no known advantage to employing longer wavelengths.
A. Interstitial Niche Design
The first cable design to be discussed is shown in Fig. 1 . All processes of core assembly, jacket extrusion, armoring, and testing were performed at The Rochester Corporation (TRC), Culpeper, VA and were observed by the author. In this cable structure, a second plastic jacket of 0.76 mm diameter has been added to the standard buffered fiber to increase its flexural rigidity. The core was formed. by a helical serving of five AWG # 18 peripheral conductors around a central AWG # 21 conductor. A high-conductivity copper alloy was used in place of pure copper conductors to' achieve superior tolerance to stress fatigue. The optical fibers follow the helical contour 'of the niches between peripheral conductors. This constraint subjects the fiber to a bending radius of curvature of 6.4' cm which exceeds a minimum recommended value of 5.0 cm as suggested by'wilkins [3] to assure small excess cabling loss from radiation through the core-cladding boundary. An elastomeric void filler was used to eliminate all voids in the structure prior to the final pressure-extruded jacket of Conductor coverage: 98.8 %
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.490 cm F l b e r l a y a n g l e : 1 polyethylene. A catalog of component and assembly properties is provided in Table 11 . A conventional planetary cabling apparatus, modified by the addition of a low-tension fiber pay-out system, was used to assemble the fibers and conductors in a single operation. The convergence of fibers and conductors at the assembly closing die was in the form of an inner cone of conductors surrounded by a slightly larger outer cone of fibers. Assembly difficuities were experienced because of the viscous drag of the void filler that was introduced by a continuous free flow into the convergence zone in front of the closing die. The filling material is prepared from a two-component inix and cannot be thmned by prior heating without adversely accelerating the setup time. The viscous drag imparted to the rotating assembly of fibers and conductors resulted in several instances in which a fiber was forced away from its intended resting position into an adjacent interstice resulting in a fiber crossover. The tendency for this problem to occur can be reduced by increasing tension on the fiber; however, this remedy is undesirable because it places the .fiber in a continuous state of 'tensional stress in the assembled cable, even in an unloaded state. Five instances of crossover occured during assembly of the core. On each occasion, assembly was stopped and the fiber was correctly repositioned before manufacturing was resumed. On at least one occasion, damage to the fiber buffer jacket from the scraping action of the closing die at the crossover was known to have occurred although fiber fracture did not result.
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Characteristics of the initial fiber stock and the attenuations measured at three stages of manufacture with a Tektronix model 150 optical-time-domain reflectometer (OTDR) are shown in Table 111 . The large attenuations observed for fibers 1 and 2 are believed to be caused by localized regions with large microbending loss at the sites of buffer-jacket damage resulting from the acknowledged instances of crossover during core assembly. Evidence of discontinuities (glitches) in the OTDR traces were not documented during the initial stages of assembly. However, after completion of armoring, a single localized offset of 0.4 dB magnitude was observed for fiber 3, a single offset of 0.2 dB was noted for fiber 2, and two offsets of less than 0.1 dB were found for fiber 1. The decrease in attenuation for fibers 1 and 2 following the jacket extrusion and &rumoring processes is believed to be a result of fiber straightening, particularly at the sites of crossover repair, from additional tensioning, respooling, aad jacketing.
Following completion of manufacturing, the cable was subjected to a stressing se,quence of 20 cycles from 2.2 to 22 kN and a second sequence of 20 cycles from 2.2 to 33.4 kN (3/8 of nominal brealung strength). Cable strain was 0.5 percent at 32 kN load. The fiber response to tensile loading ranged from an approximate 2.7 dB/km increase in attenuation to a slight decrease relative to 2.2 kN load depending upon the fiber examined. Specifically, the change in attenuation from the initial condition at 2.2 kN load to the fortieth cycle at 33.4 kN was -0.7, -2.0, -2.7, 0, .and + 2.7 dB/km for fibers 1-5. Because the length of armored cable tested .was only 150 m, the numerical results do not have high accuracy. The phenomenon of decreasing optical attenuation with applied tension has been reported previously [3] and is attributed to straightening of the fiber path within the cable structure.
Upon completion of. the tension cycle tests, the cable was respooled at low tension. After at least 24 h at low tension, attenuation measurements .were taken again with the OTDR. The results were within a few tenths of a decibel of values measured after armoring. The low-tension measurement is significant because it confirms that the tension-induced change in attenuation disappears upon relaxation of the load, and that strain relaxation on. the cable does not produce longitudinal compression 'of the optical fibers-a-phenomenon which could occur if irreversible longitudinal positional changes develop among the cable elements during tension cycling:
B. Tube Design
The second cable design is shown in Fig. 2 and is identified as the Tube Design because all fibers are located centrally and are protected by a tight-fitting pressureextruded plastic tube. The fibers are served helically with a 4.85 cm lay length (12.1 cm radius of curvature) around a 0.065 cm diameter central-strength member composed of glass fibers in an epoxy matrix (S-glass) that was purchased from Air Logistics Corporation, Pasadena, CA. The central strength member and optical fibers were assembled using a custom designed low-tension planetary stranding machine a~ & ' .
The interstices were filled by a continuous flow of heat-thinned void-filler material into the converging nest of fibers at the entrance to the assembly closing die. The completed subunit was sent to The Rochester Corporation for completion of the remaining stages of manufacture.
The quality of the exterior surface of the void-filler matrix was rejuvenated as the subassembly was introduced to the jacket extruder by the processes of preheating the fiber subassembly, introducing additional void filler, and sizing with a heated die. A helical serving of 11 power conductors was used to completely fill the annulus around the jacketed fiber assembly. All voids between conductors were filled with a two-component-mix elastomeric material (TRC product DATEX 47). Specific details for this cable design are summarized in Table IV. The advantage of this design over the Interstitial Niche design is that the central location of the fibers provides maximum protection from abuse by the armor and reduces the sensitivity to longitudinal compression or tensioning of the fiber associated with load-induced cable rotation. A disadvantage to the design is that the fibers are served around a nearly incompressible core which diminishes the possibility of any significant strain relief with cable elongation. By contrast, the Interstitial Niche design permits a slight reduction in fiber helix diameter (by virtue of deformable plastic jacketing around conductors) and provides better strain relief with tensile load, although not. with torsional load.
Specific initial characteristics of the fibers and measurements of attenuation at various stages of manufacture are shown in Table V . This cable design exhibited the least increase in optical attenuation throughout all manufacturing stages including armoring. Three fibers showed less than 0.2 dB increase in attenuation relative to the initial fiber, one fiber less than 0.9 dB, and one fiber 1.5 dB increase. Fiber 4 was a last-minute acquisition that was not proof tested for strain, and for which we have no initial state data; consequently, the excess attenuation associated with cabling cannot be estimated.
This cable was subjected to the same tension-cycle sequence as was the previous design. The change in attenuation from an initial state at 2.2 kN load to the final fortieth cycle at a load of 33.4 kN was 2.0, 2.0, 16, 6, 2.7, and 2.0 dB/km increase for fibers 1-6. The approximate 6 dB/km increase for fiber 4 is attributed to probable intrinsic inferiority of the fiber stock, considering that no special manufacturing controls or selective processes were used. The much larger stress-induced increase in optical attenuation for fiber 3 is not understood, except that this fiber has a lower numerical aperture than that measured for the other documented fibers-a property that is known to increase the sensitivity to. microbending loss. This fiber also had the' largest dispersion (at the 10 percent power points) of all fibers used. After 24 h of tension relaxation, the optical attenuation ' of the fibers was measured again. Fibers 1-5 were within a few tenths of a decibel of the values measured after armoring. Fiber 6 measured 1.4 dB/km higher. OTDR traces showed no evidence of discontinuities during any stage of manufacturing or during the tension-cycle testing. Although the manufacturing-induced excess loss for this cable was the smallest of all designs, the tension-induced loss was larger than for the Insterstitial Niche design. We believe that the interstitial structure provides better strain relief to the fiber because of the pitch (helix) diameter reduction associated with the load-induced elongation of the cable.
An alternative method of protecting the optical fibers in the Tube Design has been explored by Wilkins [6]-[9] using a technique recently developed by Dr. Winter of the Olin Corporation, New Haven, CT, in whch a single or multiple optical fibers are enclosed in a tightly fitting, cold-rolled, copper alloy tube that is sealed with a hghmelting temperature solder. The major concern has been whether these tubes could survive the extremes of cyclical strain to which tow cables are subjected. Recent testing of a single fiber inside an 0.76 mm OD (0.51 mm ID) alloy tube demonstrated the ability to survive over one million cycles of flexure around a, 20.3 cm diameter sheave at 0.7 percent static tensile load [private communication with G. Willuns, NOSC, Hawaii] . Similar performance should be acheved with larger alloy tubes with similar thickness/OD ' ratio provided the sheave diameter is increased in the same ratio as the OD of the tube. For the construction of Fig. 2 this would correspond to an ID of 1.7 mm, an OD of 2.55 mm, and a sheave diameter of 68 cm.
C. Channeled Core Design
The objective of the Channeled Core Design (Fig. 3) is to provide channels that will protect the fibers from nonuniform compression within the core. In contrast to the cusp-shaped protective channels provided by the Interstitial Niche design, the Channeled Core structure offers the ability to achieve a rounded-bottom contour and eliminates the possibility of the fiber becoming wedged between conductors, provided that the channels do not become badly distorted during normal cable usage.
The cable core was manufactured at I T T by pressure extruding around the central assembly of conductors a polyethylene jacket that has relief channels uniformly spaced around the periphery in the form of a continuous helix. The optical fibers were placed into the helical channels with a channel-following feeder jig. By using an uncommon form of planetary cabling machine, that rotates the core and supply and takeup spools, the feeder jig could be secured in spatially fixed position, provided the appropriate ratio of core rotation to throughput speed was maintained. Ethyl vinyl acetate was extruded into the channels as a void filler in a second operation. Much of this process is a miniaturized adaptation of cabling techniques that I T T is presently licensed to use for manufacturing electrooptical telecommunications cables. The process was originally developed by Northern Telecom Canada Ltd., Montreal, P.Q. [lo] . A similar design concept is presently being developed for marine cables by Thomson-CSF, Brest, France [private communications with B. Desormiere] .
, Because of the softness of the void filler and the size difference between the channel dimensions and the fiber diameter, the Channeled Core assembly did not endure the stress of armoring. The longitudinal differential in core pressure at the first closing die of the armoring machine (boundary between armored ,and nonarmored core) produced a slight hydraulic displacement of void filler toward the nonarmored direction. The movement of void-filler material carried along the fiber and produced longitudinal compressional loading in the nonarmored section. The fiber reacted to the compressional loading by flexing within the void filler to form a serpentine path bounded by the walls of the channel. This undesirable reaction to armoring resulted in the breaking of three fibers and severe microbending loss in the remaining fibers (12-27 dB/km).
A solution to the manufacturing problem experienced with this cable is to size the fiber with additional plastic jacketing to a diameter slightly smaller than the channel width and to use a denser formulation of ethyl vinyl acetate or other suitable void filler that has less tendency to flow under pressure. We do not intend to pursue these modifications in a subsequent development because of the high manufacturing expense associated with this design.
D. Armor Design and Characteristics
Characteristics of the armor design used for the cable are presented in Table VI ..The breaking strength is estimated to be in the range of 80-89 kN. Although the contrahelical winding of the two layers provides torque compensation, the use of -the same-size armor wire on both layers results in a design that is far from completely torque balanced. The dangers associated with using a nontorque-balanced armor design are that load-induced cable rotation may affect the physical performance of the end device and may also produce longitudinal compression (or tension) in the fibers and conductors.
The usual technique for achieving torque balance on a two-layer design is to use approximately twice the number of armor wires on the outer layer as are used on the inner layer. This design strategy mandates the use of smaller diameter armor wire on the outer layer. For example, for a 22/44 wire design, the wire diameter would be 1.31 mm on the inner layer and 0.795 mm on the outer layer-25 percent smaller than used for the outer layer in Table VI. For an 18/36 wire design, the inner wire diameter would be 1.51 mm and the outer wire diameter would be 0.958 mm. This corresponds to 10 percent smaller outer wire diameter and 15.6 percent less cross-sectional area availIf the cable-handling system is abusive (from sources such as abrasion, high cable tension, and small-diameter sheaves), a smaller armor wire is expected to fail sooner . able for the core. than a larger one. A single break of the armor wire in the outer layer will cause a snarl in the cable-handling system that will initiate catastrophic failure. We have chosen the nontorque-balanced design to improve tolerance to abrasion, and to achieve a larger usable core area in an overall package diameter of approximately 1.28 cm. Both layers of armor were applied in single in-line operation using a Stolberger planetary machine. A backturner was operated manually to rotate the supply reel containing the cable core to eliminate the development of torque on the span of unarmored core.
Elongation versus load characteristics were measured for the Tube and Interstitial Niche designs by measuring cable elongation with a steel tape measure of 20 m gauge length that was secured to the cable with a metal hose clamp at one end, and referenced to a second hose clamp marker at the free end. The span of metal tape was supported approximately every 3 m by sections of Tygon tubing that were slit and slipped around the cable.
A measurement of the structural stretch, caused by plastic deformation and irreversible internal adjustments in the seating of the armor, was not attempted with the tensioning apparatus employed because of the difficulty in properly measuring the length of the catenary at small loads. Measurements were initiated at 4.5 kN tension where most of the sag was removed. The resulting data are plotted in Fig. 4 with the intercept conveniently adjusted to fall at the point (0,O). Excluding the structural elongation, 0.5 percent cable elongation occurs at a load of 32 kN. The data apply closely to both the Tube and Interstitial Niche design armored cores. An attempt was made to measure the reduction of armored cable diameter with applied load for the Tube and Interstital Niche designs by averaging sets of micrometer readings taken at two orthogonal orientations over a distance of one meter. The data measured at three different loads are shown in Fig. 5 . If the ratio of fractional change in diameter to fractional change in length is equated to an effective Poisson ratio for the cable structure, the combined data of Figs. 4 and 5 yield a value of about 3.1. Presently, we have no other data for comparison; however, the closer the ratio approaches the value of 0.5, the greater the incompressibility of the cable structure.
SUMMARY AND CONCLUSIONS
Three different designs for armored fiber optic tow cables have been discussed that attempt to conform to design guidelines presented in the Introduction. All designs strive to avoid placing the optical fiber in a direct loadbearing role. The Tube design uses a tough, but tight-fitting, central plastic tube as the load-shielding device; the Interstitial Niche design uses the valleys between peripheral conductors as. a shelter, and the Channeled Core design uses specially extruded channels for isolation. The option of using metal alloy tubes for fiber protection in the Tube Design appears feasible when using sheave diameters of 68 cm or larger.
All fibers (with one exception) were carefully selected for high strength, moderate to high numerical aperture, and good buffer-jacket quality (primarily surface smoothness). The surfaces of host elements such as conductor jackets and extruded assembly jackets and channels were also manufactured as smoothly as equipment would permit and unsatisfactory deviations from this ideal were carefully manicured. The radius of curvature of the helical windings of all optical fibers was maintained above the minimum recommended by Wilkins. Void filler was used around the optical fibers to aid uniform pressure distribution and was used in all other interstitial crevices to reduce compressibility of the core.
